We investigated the overwintering sites of the predacious mite Neoseiulus californicus in two satsuma mandarin orchards on Jeju Island, Korea, in February 2008. Our objectives were to improve the biological control strategy with N. californicus in perennial crops and to develop effective methods for examining the overwintering situations of N. californicus in the field. Nearly all specimens of N. californicus collected in the orchards were adult females, and the numbers of adult males and juveniles were very low. Most N. californicus were collected on herbaceous plants on the ground rather than on satsuma mandarin trees or woody plants surrounding the orchards. Among herbaceous plant species, higher densities of N. californicus were consistently found on species with rosette-type leaves compared to those with non-rosette-type leaves. Our results suggest that rosette-forming herbaceous plants are effective overwintering sites for conserving N. californicus in orchards. Furthermore, these plants would also provide useful sites for examining the potential overwintering situations of N. californicus in the field.
INTRODUCTION
Phytoseiid mites include several important predacious biological control agents of phytophagous mites (e.g., Tetranychoidea, Eriophyoidea, and Tarsonemidae) and other small arthropod pests (e.g., thrips and whiteflies) of many plant species (Nomikou et al., 2002; Gerson et al., 2003) . Neoseiulus californicus (McGregor) is globally distributed in both arid and humid areas throughout Europe, Africa, North and South America, and Asia (de Moraes et al., 2004; Pringle and Heunis, 2006) ; the species is also commercially available in many countries. This mite is typically used to control spider mites in the field and in protected crops (Castagnoli and Simoni, 2003) and can also feed on other food items, such as tarsonemid mites and even plant pollen, to fuel its development and reproduction (Castagnoli and Falchini, 1993; Castagnoli et al., 1999) .
In Korea, the occurrence of N. californicus in the field was first reported in citrus orchards on Jeju Island in the southernmost region of Korea (Jung et al., 2006) ; however, no natural occurrences of N. californicus have been documented on mainland Korea until now, despite several faunal surveys of phytoseiid mites in non-and agricultural fields (Ryu et al., 1997 (Ryu et al., , 2001 Jung et al., 2003; Jung and Lee, 2004; Kawashima et al., 2008) as well as taxonomical studies of Phytoseiidae (Ryu, 1993 (Ryu, , 2007 in Korea. On the other hand, the commercial production of indigenous Jeju Island strains of N. californicus began in 2006; therefore, farmers can currently use these commercial mites to control spider mites on mainland Korea whenever necessary.
Winter is a crucial season for the survival of arthropods, especially in temperate regions. Winter temperatures affect the winter survival of arthropod species (Kiritani, 2006) and may be an important factor determining their geographic distribution (Tougou et al., 2009) . In agricultural fields, the successful overwintering of natural enemies allows their early season colonization on perennial crops, often resulting in effective pest suppression (Landis et al., 2000) . Phytoseiid mites overwinter on trees, on the ground, or both (Veerman, 1992; Nyrop et al., 1994) , depending on species-specific characteristics. In southeast France, N. californicus reportedly climbs apple trees from the ground early in the season (Raworth et al., 1994) ; however, additional data regarding the overwintering sites of N. californicus are quite scarce.
In the present study, we surveyed two satsuma mandarin orchards on Jeju Island to determine the overwintering sites of N. californicus in the field. This information will be useful for two main reasons. First, the conservation of preferred overwintering sites of N. californicus may help to advance biological control strategies in citrus orchards on Jeju Island, where N. californicus serves as an effective biological control agent of the citrus red mite Panonychus citri (McGregor), one of the most important pests of citrus trees in Korea. Second, clarifying overwintering sites may also be useful for examining the potential overwintering situation of N. californicus on mainland Korea, as it is currently unknown whether this species can overwinter on the mainland.
MATERIALS AND METHODS
In (South) Korea, more than 99% of satsuma mandarin trees, Citrus unshiu S.Marcov., are cultivated on Jeju Island (the Korean Statistical Information Service, http://www.kosis.kr/; data from 2000 to 2006 and from 2008 to 2009). We surveyed two conventionally managed satsuma mandarin orchards on Jeju Island: orchard A (33°20ЈN, 126°15ЈE, 113 m altitude) in Jeoji-ri, Hangyeongmyeon, Jeju-si, Jeju-do, Korea, and orchard B (33°16ЈN, 126°37ЈE, 77 m altitude) in Sillye-ri, Namwon-eup, Seogwipo-si, Jeju-do, Korea (Fig.   1 ). In both orchards, agrochemicals were conventionally sprayed to control disease and pest arthropods from spring to autumn. According to periodical leaf observations (three times a month) of satsuma mandarin trees from April to October 2007, P. citri and N. californicus occurred as a predominant species of spider mites and phytoseiid mites, respectively, in both orchards (K.S. Choi, unpublished data).
Meteorological data from Jeju Island were obtained via the website of the Korea Meteorological Administration (http://www.kma.go.kr/). The coldest period from late 2007 to early 2008 on the island was from January to February (Fig. 2) Veerman, 1992) . In the present study, however, we assumed living herbaceous plants as a representative of potential overwintering sites of N. califor- nicus on the ground for the following reasons. First, the number of phytoseiid mites overwintering on the ground was considered to be highly affected by the surface structure and/or food conditions on the ground. Second, plant structures of living herbaceous plants are diversified among species. Finally, these plants are also hosts of various prey items of N. californicus.
Detailed information on plants collected in both orchards, including species name, sample unit, and sample dry weight, is presented in Tables 1 and 2 . We collected leaves and twigs from satsuma mandarin trees. On 2 February, leaves and/or twigs (ca. 10 cm) with leaves plus a pedicel were randomly collected in the orchards. On 28 February, twigs (ca. 10 cm) with leaves plus a pedicel were randomly collected, and then separated into leaves and twigs with a pedicel using scissors. Although bark crevices and loose bark are reported as suitable overwintering sites of several phytoseiid species (Leetham and Jorgensen, 1969) , we did not collect bark samples from satsuma mandarin trees since tree bark was hard and smooth, not loose. For herbaceous plant species, we defined the aboveground part (i.e., shoot) of each plant as a sample unit, and randomly collected samples of each species in the orchards. Thus, when collecting samples, we collected all shoot parts of each plant, not parts of shoots, and roots were cut using scissors.
From woody plant species surrounding the orchards, twigs with leaves and loose bark were randomly collected in the orchards. Although we did not count the number of each sample unit collected (e.g., no. of leaves and shoots), we measured the dry weight of each sample. Although plants were collected twice, more diverse and larger numbers of samples were collected on 28 February. As far as possible, sufficient amounts of each sample were 194 M. KAWASHIMA and C. JUNG collected within the collection period (ca. 1-2 h per orchard) by four people on 28 February. Plant samples were sealed in reclosable plastic bags and transported to the laboratory at Andong National University (36°32ЈN, 128°47ЈE) . Samples were placed in Tullgren funnels under 30-W light bulbs for 5 days. Mites were extracted into vials containing 70% ethanol, which were secured to the bottom of the Tullgren funnels, and vial contents were observed under a binocular microscope. All phytoseiid mites were mounted in PVA medium (BioQuip Products, CA, USA) on slides for species identification. After funnel extraction, the dry weight of each plant sample was measured.
All plants were identified to the species level. Since some plants were somewhat difficult to identify from only winter samples, both orchards were visited again on 2 July 2009 to confirm species identities. Plant species nomenclature followed the Korean Plant Names Index (http://www. nature.go.kr/kpni/).
RESULTS
The density of phytoseiid mites was higher in orchard B than in orchard A (Tables 1 and 2 ). Neoseiulus californicus was collected on plants in both satsuma mandarin orchards and accounted for 91.9% and 96.4% of the total number of phytoseiid mites collected on 2 and 28 February, respectively (Tables 1 and 2) . Three, 31, and no individuals of N. californicus were collected from satsuma mandarin trees, herbaceous plants, and surrounding woody plants, respectively, in the two orchards on 2 February (Table 1) . On 28 February, this mite was only collected from herbaceous plants (216 individuals) and was not found on satsuma mandarin trees or surrounding woody plants in either orchard ( Table 2 ). The vast majority (97.2%) of N. californicus collected in both orchards on the two collection dates were adult females (Tables 1 and 2 ). Very few adult male or nymphal/larval stages of mites were collected (seven individuals) (Tables 1  and 2) .
Herbivorous tetranychoid mites, an important prey-item group of N. californicus, were also collected from the two orchards. The major groups included Bryobiini, Panonychus, and Tuckerellidae; one individual of Tenuipalpidae was collected (Table 3) ; however, none of these mite groups exhibited strong relationships with herbaceous plants on the ground in the orchards during winter. Mites of Bryobiini and Tuckerellidae were more frequently collected on woody plants surrounding the orchards than on herbaceous plants, and none was collected from satsuma mandarin trees (Table 3) . In contrast, Panonychus mites were more frequently collected from satsuma mandarin trees than herbaceous plants, and only one Panonychus individual was collected from woody plants surrounding the orchards (Table 3) . Although we did not identify all Panonychus mites, most appeared to be P. citri, one of the most important pests of citrus trees.
The number of N. californicus collected from herbaceous plants was not positively correlated significantly to the amount (dry weight) of plants collected (one-tailed Spearman's rank correlation, Tables 1 and 2 for detailed sample information on the plants.
californicus among herbaceous plant species, we calculated the number of N. californicus collected per 100 g dry weight of each herbaceous plant species in each orchard on each collection date. The results indicated that a higher density of N. californicus was always found on three herbaceous plant species, Conyza sumatrensis E.Walker, Gnaphalium purpureum L., and Youngia japonica (L.) DC., compared to the other three species, Galium spurium var. echinospermon (Wallr.) Hayek, Lamium amplexicaule L., and Stellaria media (L.) Vill. (Figs. 3 and 4) . On both collection dates, the former three species consisted of rosette-type leaves, whereas the latter three species had nonrosette-type leaves (Figs. 3 and 4) .
DISCUSSION
In the present study, most of the phytoseiid mites collected in the two satsuma mandarin orchards were N. californicus. This species is also the dominant phytoseiid species in conventionally managed citrus orchards in Shizuoka Prefecture, Ehime Prefecture, and the Kyushu District in central to southwestern Japan, and serves as an effective predator of the dominant spider mite species, P. citri, on citrus trees (Katayama et al., 2006; Ohnishi et al., 2006; Kishimoto et al., 2007) . Therefore, conservation of this species for the biological control of P. citri in citrus orchards will likely be quite beneficial; however, little is known about the overwintering behavior of this species in the field (e.g., Hart et al., 2002 , for winter mortality), although several physiological studies have examined its winter hardiness (e.g., diapause propensity and cold tolerance; Castagnoli et al., 1996; Jolly, 2000; Hart et al., 2002; Gotoh et al., 2005) .
Most of the N. californicus collected in the two orchards were adult females. Fertilized adult Phytoseiid mite females with the ability to diapause exhibit reproductive arrest; males and juveniles that fail to reach the overwintering stage before the onset of adverse climate conditions are likely to perish (Veerman, 1992) . Strains of N. californicus vary in their propensity to diapause: e.g., 0% of two US strains and the Japanese strain (Jolly, 2000; Hart et al., 2002; Gotoh et al., 2005) , 16% of the Spanish strain (Jolly, 2000) , 95% of the UK strain (Jolly, 2000) , and 84-100% of the Italian strain (Castagnoli et al., 1996) have been shown to enter diapause. Despite their small numbers, we collected males and juveniles of N. californicus, suggesting that the Jeju Island strain does not enter diapause. In a laboratory study of the diapause propensity of the Jeju strain of N. californicus, diapause could not be induced (Taj and Jung, unpublished data) . Nevertheless, our results strongly suggest that the main overwintering stage of N. californicus in citrus orchards on Jeju Island is the adult female.
Our results indicate that N. californicus may prefer the ground for overwintering in orchards. These findings are further supported by a field study in apple orchards of southern France that suggested that this species climbed apple trees from the ground early in the season and searched for prey not only in trees but also in ground cover from the end of February to the middle of November (Raworth et al., 1994) . Together with our results, these data imply that N. californicus does not constantly stay on trees but rather migrates between trees and the ground during the growing season. Furthermore, in our winter study, Panonychus mites, which are a suitable prey group for N. californicus, were more frequently collected on satsuma mandarin trees than on herbaceous plants on the ground, whereas N. californicus inhabited the ground. Due to this uncoupling of predator and prey during winter, the early migration of substantial numbers of N. californicus to trees would require careful management of ground habitats as well as the conservation of N. californicus populations in the early season (e.g., by avoiding hazardous pesticide treatments).
We consistently observed higher densities of N. californicus associated with herbaceous plant species with rosette-type leaves than with those exhibiting non-rosette-type leaves. More specifically, higher densities of the mite were found on C. sumatrensis, G. purpureum, and Y. japonica compared to G. spurium var. echinospermon, L. amplexicaule, and S. media. The former three species have rosette leaves constructed of broad leaves that lie near the soil on a stem with short internodes during winter, whereas the latter three species have non-rosette leaves constructed of small leaves on a stem with long internodes throughout the year. Although we did not examine on which parts of the rosette-forming plants this species overwintered, two possibilities were speculated. First, cover structures near the ground, such as between broad leaves of rosette-forming herbaceous plants and between those leaves and the ground, may provide suitable climatic conditions for phytoseiid mites by moderating temperature (Dabney et al., 2001 ) and humidity conditions, and/or protecting from UV radiation. Recently, Ohtsuka and Osakabe (2009) demonstrated that UV-B irradiation caused lethal damage to the eggs of the predacious phytoseiid mite Neoseiulus womersleyi (Schicha) in a laboratory experiment. Furthermore, the base of plants with dense leafstalks, such as stems with dense leafstalks of short internodes in rosette-forming herbaceous plants, may also be suitable overwintering sites for phytoseiid mites, and by hiding in such a structure the mites could reduce their winter mortality. If this assumption is correct, non-rosetteforming herbaceous plants with a similar structure at the base of plants, such as tillering gramineous plants, might also be suitable for overwintering phytoseiid mites. Rosette-forming plants exhibited patchy distributions and were not the dominant species on the ground in either study orchard; instead, non-rosette-forming plants, e.g., L. amplexicaule and S. media, dominated the orchards (Kawashima, personal observation); however, our results suggest that rosette-forming plants are effective overwintering sites for the conservation of N. californicus in orchards. Future studies should more thoroughly examine the function of rosetteforming plants in maintaining overwintering phytoseiid mites on the ground in perennial crop systems.
There is also the possibility that N. californicus overwinters in locations other than living plants, such as under litter and in soil, although we did not examine these locations in the present study. In Oregon, USA, Morris et al. (1996) showed that the addition of organic debris to peppermint fields increased the overwintering survival of Neoseiulus fallacis (Garman) compared to undisturbed natural conditions, whereas the removal of debris decreased survival.
Our results also have important implications for investigations of possible overwintering by N. californicus on mainland Korea, where natural occurrences of this species have not yet been confirmed. This species is at present distributed throughout Japan, except northern areas (Ehara and Gotoh, 2009) , dominating some citrus, apple, and peach orchards (Mochizuki et al., 2005; Katayama et al., 2006; Ohnishi et al., 2006; Kishimoto et al., 2007) . The region where N. californicus is distributed in Japan partially overlaps in latitude with the fruitgrowing areas of mainland Korea; therefore, there is a possibility that N. californicus can overwinter on mainland Korea. Ground habitats, such as rosette-forming herbaceous plants, would be useful for examining the potential overwintering situation of this species in the field.
